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The identification of vibrational sources can be done effectively by means of structural intensity
estimates, as the structural intensity indicates the energy power flow of the flexural waves propa-
gating through the structure. Considering the irrotational part of the structural intensity estimate
removes parts of the structural intensity field which are related to the near-field, thus showing the
part of the vibrational field that propagates to the far field. The use of the irrotational part of the
structural intensity results in a more clear view of the physical sources that are generating active
power to the structure.
A recently developed approach to calculate the irrotational part of the structural intensity from
measurement data was used and results are compared with another method from literature. It is
shown that the recently developed approach converges well and gives good results by virtue of the
smoothening effect of the test functional series expansion employed.
1. Introduction
Structural intensity indicates the energy flow of waves propagaing in structures, similar to the
acoustic intensity which indicates the energy flow of acoustic waves in air. However, whilst an acous-
tic wave consists of only one type of wave (compressional wave), a structure supports a number of
wavetypes (compressional waves, bending waves, shear waves, torsional waves), making the mea-
surement and data processing required to obtain the structural intensity a more difficult task as com-
pared to the measurement of acoustic intensity. Nevertheless, in the search for the true source of the
structural vibrations, structural intensity is an important measurement tool.
Similar to acoustic fields in air, structural vibration fields also consists of energy flows that either
propagate to the far field, or rapidly attenuate; the evenescent waves. The structural vibration field
can mathematically be divided into a rotational and an irrotational part, the so-called Helmholtz de-
composition. The irrotational part contains waves that propagate to the structural "far field", whilst
the rotational part contains waves that rapidly attenuate as function of the distance from the source.
This article demonstrates the benefit of decomposing the structural intensity field into a rotational
and an irrotational part, and shows that the consideration of the irrotational part of the structural
intensity has significant advantages in that it visualizes the energy flow without the masking effects
of energy loops that are related to the rotational intensity.
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A method that computes the irrotational part of the structural intensity from measurement data
was developed earlier by the authors [1] and will be used in this paper. This theory uses a series
expansion consisting of a limited number of test functions to determine the irrotational part of the
sound intensity. This method will be denoted by TFS (test functional series) method. The TFS
approach is compared with the spatial Fourier transform approach developed by Pascal et al. [2] to
determine the irrotational part of the sound intensity.
2. Theory: The TFS approach
There are several methods available in literature for the determination of the structural intensity
vector field in plate-like structures from out-of-plane velocity data. In this paper we use the formula-
tion of Arruda and Mas [3], which is based upon the classical plate theory considering bending waves
only, assuming no interaction between the propagating waves. The formulation requires only the first
spatial derivative:
~I (x, y) =
√
Dρh =
(
v (x, y) ~∇v∗ (x, y)
)
(1)
where D = Eh3/(12(1 − ν2)), E is Young’s modulus, ρ is the density, h is the plate thickness, ν
is Poison’s ratio, =(...) denotes the imaginary part, v (x, y) is the velocity field as function of plate
coordinates x and y, and ∗ denotes the complex conjugate.
Irrespective which part of the structural intensity is considered, being the bending, shear or tor-
sional part, mathematically these fields can be split up into a rotational and an irrotational part. How-
ever, as in practice especially the bending component is relevant, it suffices to decompose the struc-
tural intensity that results from Eq. 1. Using a Helmholtz decomposition the intensity field ~I (x, y)
can be split up by means of into an irrotational (curl-free) part and a rotational (divergence free) part:
~I (x, y) = ~Iφ (x, y) + ~Iψ (x, y) (2)
where
~Iφ (x, y) = −~∇φ (x, y) (3)
and
~Iψ (x, y) = ~∇× ψ (x, y) (4)
In principle, such a decomposition can be done mathematically, after computing the structural in-
tensity field. However, the determination of the structural intensity field involves in itself significant
inaccuracies due to the spatial derivative operator, which amplifies measurement noise. Determi-
nation of the irrotational part in this manner would lead to significant errors. An alternative way
is to determine the irrotational part of the structural intensity using a test functional series (TFS)
expansion[1], which intrinsically regularizes the data. For this purpose a test irrotational intensity
vector is introduced as
~Itest = ~∇φtest (5)
and a functional F (φtest), which is defined as
F (φtest) =
∫∫
S
∥∥∥~I − ~Itest∥∥∥2 dS (6)
The irrotational part of the intensity is sought by minimizing the functional F (φtest).
The irrotational part of the structural intensity can be calculated as follows (for a full derivations
see [1]):
~∇φtest =

∑Nbase
p=0
∑Nbase
n=0 −anp
(
npi
Lx
)
sin
(
npi
Lx
x
)
cos
(
ppi
Ly
y
)
∑Nbase
p=0
∑Nbase
n=0 −anp
(
ppi
Ly
)
cos
(
npi
Lx
x
)
sin
(
ppi
Ly
y
)  (7)
2 ICSV23, Athens (Greece), 10-14 July 2016
The 23rd International Congress of Sound and Vibration
where Nbase is the number of base functions and an are constants which are give by, if (n, p) 6= (0, 0)
anp =
∫∫
S
{(
npi
Lx
)
sin
(
npi
Lx
x
)
cos
(
ppi
Ly
y
)
I∗x (x, y) +
(
ppi
Ly
)
cos
(
npi
Lx
x
)
sin
(
ppi
Ly
y
)
I∗y (x, y)
}
dS{(
npi
Lx
)2 (
1 + δ0p
)
+
(
ppi
Ly
)2
(1 + δ0n)
}
LxLy
4
(8)
and, if (n, p) = (0, 0), then a00 = 0.
In Eq. 8, Lx and Ly denote the dimensions of the plate, which is assumed to be rectangular. If
the structure is not rectangular the method can be applied on a rectangular part of the surface, not
considering the part outside this rectangular selection. To that respect, the method can also be used
for non-rectangular geometries.
Note that in Eq. 8 the integral needs to be approximated numerically because the intensity vector
is only known (from measured data) at a number of points. Since the denominator in Eqs. 8 varies as
the square of indices, and since the irrotational intensity is a smooth function in space one can expect
a good convergence of the series. The intensity vector can for instance be determined from out-of-
plane measurement data, employing Eq. 1, in which case only the irrotational part of the structural
intensity which is related to the bending waves is being calculated. However, Eqs. 8 can also be used
for other types of estimates for the structural intensity.
The divergence of the structural intensity can be computed by taking the spatial derivatives in x-
and y-direction of Eq. 7:
~∇ · ~∇φtest =
Nbase∑
p=0
Nbase∑
n=0
{(
−anp
(
npi
Lx
)2
− anp
(
ppi
Ly
)2)
cos
(
npi
Lx
x
)
cos
(
ppi
Ly
y
)}
(9)
3. Practical application
3.1 Measurement set-up
Figure 1: View of the timber frame partition, arrangement of the studs and the gypsum fiber boards,
three in total. Position of shaker excitation indicated with red bullet. Dimensions in cm.
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Figure 2: Measurement equipment: (a) Shaker used to excite the wall ; (b) In-house developed scan-
ning laser Doppler vibrometer setup (see also [5] and [6]).
Measurements were carried out on a light weight structure constructed from 12.5 mm gypsum
fiber boards. The butt joints of the gypsum fiber boards were sealed by applying a jointing com-
pound (a gypsum powder with a defined delay in becoming rigid, allowing some time for erecting
the structure), thus resulting in a continuous board, without slits in between the individual gypsum
fiber boards, and covering an area of 2.760 m × 1.250 m (see Fig. 1). The light weight structure
was excited by means of a Bruel&Kjaer mini-shaker type 4810, shown in Fig. 2(a). The shaker was
driven by band limited white noise with a frequency range up to 3000 Hz.
The response of the structure was measured at the same side of the panel by means of an in-
house developed scanning laser Doppler vibrometer system (Fig. 2(b)), which is based upon a single
head laser Doppler vibrometer, a Polytec laser head OFV-505 and a Polytec controller OFV-5000,
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Figure 3: Snapshots of Operational Deflection Shape (ODS) of plankings vibrating at 81 Hz at 0o,
90o, 180o, and 270o in the cycle.
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(c) x-component
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(d) y-component
Figure 4: Structural intensity pattern of plankings vibrating at 81 Hz obtained by the formulation of
Arruda and Mas [3], given by Eq. 1.
and a dual-axis scanning mirror system from Thorlabs. The vibrational velocity of the structure was
measured every 3.5 cm along a 2D grid of M=107 (horizontal)×N=39 (vertical) points, 4173 points
in total. Signals were recorded at a sampling rate of 25000 Hz, using 10 averages of records of 2
seconds.
In this paper only one timbre frame configuration is considered. For a detailed analysis of a
number of timbre frame configurations, in which the influence of panel fastening on the acoustic
performance of light-weight building elements is considered, we refer to [5] and [6].
Figure 3 shows snapshots of the Operational deflection shapes (ODS) at different angles of the
cycle, for a frequency of 81 Hz.
Using Eq. 1, estimating the spatial derivative by means of a regressive discrete Fourier series
(RDFS) approach [4], the structural intensity (containing both rotational and irrotational parts) are
computed (see Figure 4). Based on these structural intensity field estimates, the irrotational part of
the structural intensity was calculated using the TFS approach (Eq. 8), and compared with the spatial
Fourier transform approach developed by Pascal et al. [2]. The results are presented in Figure 5.
Compared to the structural intensity containing both rotational and irrotational parts (cfr. Figure
4), the irrotational part of the structural intensity reveals more clearly the source of structural energy,
without the masking effects of the energy loops that are related to the rotational intensity. In particular
the structural intensity components in the x- and y-direction are cleaner.
The difference between the TFS approach and the spatial Fourier transform approach seems to
be not very significant. However, computing the divergence of the structural intensity, ~∇ · ~I , reveals
significant differences between the two approaches, as can be seen in Figure 6. For the TFS approach,
25 base functions Nbase were used for the series expansion. Apparently, for this case this number
of base functions is more than sufficient to obtain satisfactory results. The divergence pattern of the
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structural intensity obtained by spatial Fourier transform approach shows a rather noisy result, which
is likely to be caused by measurement noise. As expected, using the alternative TFS approach with
a limited number of base functions (Nbase ≤ 25) gives a more smooth result because of its inherent
regularization, which is more correct from a physical point of view.
The convergence of the TFS approach is given in Fig. 7, where the divergence of the structural
intensity is shown for a varying the number of base functions Nbase that were used in the series
expansion. This result confirms that the calculation of the divergence of the structural intensity is
converging for about 25 base functions.
4. Conclusions
The application of an approach that was presented earlier by the authors to calculate the irro-
tational part of the structural intensity from measurement data was discussed in more detail. This
approach, called test functional series (TFS) expansion method, was compared with another approach
from literature, called the Fourier series expansion method. It is shown that the proposed TFS method
is less sensitive to measurement noise as compared to Fourier series expansion method, by virtue of
the smoothening effect of the test functional series expansion. Moreover, the test functional series
expansion exhibits good convergence behavior.
The method clearly identifies the source of vibration, which is in the presented case an electrody-
namic shaker.
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(c) x-component calculated by TFS approach
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(d) y-component calculated by TFS approach
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(e) x-component calculated by spatial Fourier transform
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(f) y-component calculated by spatial Fourier transform
Figure 5: Irrotational part of the structural intensity pattern of a plate, excited by a shaker at 81
Hz, by means of TFS approach following Eq. 7 (a,b,c,d) and the spatial Fourier transform approach
developed by Pascal et al. [2] (e,f), employing the structural intensity estimates shown in Fig. 4.
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(a) Using a test functional with Nbase=30
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(b) Using a spatial Fourier transform
Figure 6: Irrotational part of the structural intensity, calculated by TFS using a test functional with
Nbase=30 (a), and by the spatial Fourier transform approach developed by Pascal et al. [2] (b). Both
approaches used the same structural intensity estimates shown in Fig. 4.
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(a) Using a test functional with Nbase=15
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(b) Using a test functional with Nbase=20
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(c) Using a test functional with Nbase=25
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(d) Using a test functional with Nbase=30
Figure 7: Irrotational part of the structural intensity, calculated by TFS, for a varying test functional
base.
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